It was recently shown that the bolometric light curves of type II supernovae (SNe) allow an accurate and robust measurement of the product of the radiation energy in the ejecta, E r , and the time since the explosion, t, at early phases (t 10d) of the homologous expansion. This observable, denoted here ET ≡ E r t is constant during that time and depends only on the progenitor structure and explosion energy. We use a 1D hydrodynamic code to find ET of simulated explosions of 145 red supergiant progenitors obtained using the stellar evolution code MESA, and relate this observable to the properties of the progenitor and the explosion energy. We show that ET probes only the properties of the envelope (velocity, mass and initial structure), similarly to other observables that rely on the photospheric phase emission. Nevertheless, for explosions where the envelope dominates the ejected mass, M env /M ej 0.6, ET is directly related to the explosion energy E exp and ejected mass M ej through the relation ET ≈ 0.15E
INTRODUCTION
The most common type of supernovae (SNe) are type II supernovae (supernovae with spectra showing significant amounts of hydrogen) and yet it is still unclear how these explosions work. While several lines of evidence indicate that the explosion is associated with the latest stages of stellar evolution of some massive stars and the collapse of their cores, the process in which the envelope is energetically ejected is poorly understood.
Recent extensive surveys and followup efforts are leading to the accumulation of large samples of well observed type II SNe. Given the diversity in the observed properties (e.g. peak luminosity), statistical inferences are likely to play an important role in improving our understanding of these events. Most observations of SNe in general, and type II in particular, consist of spectra and light curves of visible light acquired throughout weeks and months following the explosion. In order to connect the observed emission to the physical characteristics of the explosion and the progenitor star, studies usually either employ detailed radiation transfer calculations or use simplistic analytic models. While the former are more trustworthy, they are difficult to apply to the growing large samples of observed SNe, especially given the uncertainty in the late phase structure of the massive stars which are likely the progenitors. The application of simplistic analytic models is useful but may lead to crude errors in estimates of the interesting properties such as explosion energy, mass and radius of the progenitor.
Recently, we showed Katz et al. 2013 ) that the bolometric light curve can be used to extract information on the explosion which circumvents the difficulty of radiation transfer by direct use of energy conservation. For that we defined a time-weighted integrated luminosity (with the 56 Ni contribution subtracted) which is directly observable. We denoted it ET and in Nakar et al. (2015) measured it for a sample of 13 SNe. ET is set by the energetics of the explosion and the structure of the progenitor and it provides a direct relation between observations and explosion models which is simple, analytic and precise at the same time.
The purpose of this paper is to use hydrodynamic simulations to study the relation between this measurable quantity and useful parameters of the progenitor and explosion. To do that we calculate ET for a large set of 145 red supergiant models that are obtained by the stellar evolution code MESA (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 by varying progenitor parameters on the main sequence (initial mass, metallicity and rotation) and an evolution parameter (mixing length parameter).
The paper is organized as follows. In section §2 we briefly repeat the arguments of Nakar et al. (2015) and Katz et al. (2013) , and explain how the total radiation energy can be measured and how exactly it is connected to the hydrodynamic properties of the explosion. In section §3 we describe the set of numerical progenitors we use and present the relations we find between ET and fundamental properties of the progenitor and explosion energy. In section §4 we use observations of SNe with measured ET and envelope velocity to constrain the envelope mass and radius, and SNe with measured ET, envelope velocity and pre-explosion radius to constrain the explosion energy.
ET IS MEASURABLE, INDEPENDENT OF
RADIATION TRANSFER, AND SCALES AS V M R We first briefly repeat the arguments of Nakar et al. (2015) and Katz et al. (2013) . During the time span of about 1 to 10 days after the explosion, the expansion is homologous and the radiation is almost entirely trapped within the ejecta. In addition, the contribution of energy from the decay of 56 Ni is negligible. The total energy in radiation E r , originating from the explosion shock wave, decreases with time adiabatically due to the work it does on the expanding ejecta. To a very good approximation it decreases in this phase as E r ∝ 1/t where t is the time since explosion and thus we define
which is constant with time. Since there is negligible diffusion during this time, the quantity ET is completely set by the hydrodynamic properties of the explosion and is independent of the opacity of the ejecta. At later times diffusion becomes important and the trapped internal energy leaks out of the ejecta gradually to generate the observed luminosity. Thus, as shown by Nakar et al. (2015) , by integrating over the observed bolometric luminosity (multiplied by t to compensate for adiabatic losses), and removing the contribution from 56 Ni, one can directly extract ET from observations.
To show that formally we start from the equation that describes the radiation energy which is trapped in the ejecta during the homologous phase:
Here, Q Ni (t) is the energy injection rate from 56 Ni decay and L bol (t) is the bolometric luminosity. The term −E r /t is the total rate of adiabatic loss. After rearranging the equation, multiplying both sides by t and integrating over t in some interval t 1 < t ′ < t 2 we obtain
(3) By choosing t 1 to be in the range 1d t 10d, we can replace E r (t 1 )t 1 in equation 3 by ET . By choosing t 2 that is large enough (typically 120d) so the diffusion time is shorter than the expansion time and the remaining radiation in the ejecta is negligible, we can neglect the term E r (t 2 )t 2 . Finally, since the (time weighted) integrated luminosity at early times is negligible, we can extend the integration from t = 0 without affecting the result. We therefore find
The second term on the RHS of equation 4 can be calculated using
(5) where t d = t/d and M N i is the 56 Ni mass ejected in the explosion. M N i can be accurately inferred from the amplitude of the bolometric luminosity at late times 120d t 300d where to a very good approximation
(at later times γ-ray escape may become significant). The value of ET can thus be directly extracted from observations of type II SNe using equations 4 -6, as long as the bolometric luminosity is measured up to the 56 Ni tail phase (where L bol = Q Ni ∝ e −t d /111.3 ). We note that ET is also equal to the (time weighted) integrated 'cooling envelope luminosity' L e defined as the luminosity that would have been generated if there was no 56 Ni present in the ejecta
Equation 7 is useful for studying the different approximations in radiation transfer simulations were the 56 Ni can be artificially extracted. This is demonstrated in figure 1 using the results of radiation transfer simulations reported in (Kasen & Woosley 2009) .
We next derive the scaling we expect for ET with the progenitor radius, R * , ejecta mass, M ej , and total explosion energy, E exp . In this paper we ignore the inner collapsing parts of the progenitor and the initial thermal and gravitational energy which is negligible when considering the material at large radii (r 10 10 cm). The explosion is thus described as a shock wave traversing a cold standing star and a following expansion. While the shock is within the star, there is negligible diffusion and the thermal energy is dominated by radiation. Thus, for a set of progenitors with the same density profile 4 , by the time the shock ends traversing the star and breaks out the radiation energy contained in the ejecta is ∝ E exp and the expansion time over which significant adiabatic losses take place is
ej . Thus for progenitors with similar profiles ET scales as
where
is the (mass weighted) RMS velocity of the ejecta (v(m) is the velocity of the mass element dm). However, since stars with different initial conditions (e.g., ZAMS mass, metallicity, rotation, binarity, etc.) have different density 4 Two progenitors, denoted as '1' and '2', have the same density profile if ρ 1 (r 1 )
, where ρ is density, M is the progenitor mass and r 1 = r 2 profiles before they explode, the coefficient in equation 8 for each progenitor structure is expected to be different. Below we calculate ET for a large set of progenitors and find the typical value of the coefficient and how it varies between different progenitors. We also study which of the progenitor and explosion properties can be constrained best by measuring ET . Kasen & Woosley (2009) . As can be seen, the value of ET is independent of the amount of 56 Ni to an accuracy of a few percents.
NUMERICAL STUDY OF THE SCALING OF ET
WITH PROGENITOR PARAMETERS We have used the open source stellar evolution code MESA (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 to calculate a large set of progenitors. Only single star evolution is considered (no binarity) and three initial conditions are varied -initial (ZAMS) mass (12-50 M ⊙ ), metallicity (10 −3 − 1 z ⊙ ) and initial rotation (0-0.8 of breakup rotation rate). We have also varied one poorly constrained evolution parameter -the mixing length parameter (1.5-5). Altogether we calculate the stellar structure at the time of core collapse for 219 stars. Out of these 145 retain a hydrogen envelope at the time of explosion and are therefore considered here as plausible progenitors of type II SNe. Figure 2 depicts some of the main properties of these 145 progenitors. The evolution parameters, together with the main properties at explosion are given in table 2. More details on the set of progenitors we use here are given in Shussman et al. (2016) In order to calculate ET for all the progenitors that retain hydrogen envelope, we excise the Si core from each progenitor (considered to be the explosion remnant), and explode it using a a simple 1D hydro-radiation code (see Shussman et al. 2016 for more details on the code). The explosion is induced by instantaneously releasing the explosion energy at the center of the ejecta. We then calculate ET , by extracting the asymptotic value of E r t at late times (t = 100 d) using hydrodynamics alone, without allowing for radiation to diffuse. We have verified that the results remain unchanged when radiation transfer is included, in which case ET is calculated using equation 7. As explained above (equation 8) for a given progenitor we expect ET ∝ E 1/2 exp . We find that this is indeed the case in our simulations (to within 1%). Thus, as the dependence of ET on E exp is known, we focus here on its dependence on the progenitor properties.
We first measure the coefficient of the scaling given in equation 8, in our progenitor sample. As can be seen in figure 3 for progenitors that retain most of their envelope, M env /M ej > 0.6, the relation
is accurate to within about 30%. Such progenitors include almost all the models with initial mass
Pre-explosion images of progenitors and light curve modeling of type II-P SNe (e.g., Smartt 2015, and references therein) suggest that at least progenitors of this SN type fall into this category. Therefore equation 10 can be applied within fair accuracy to regular type II-P SNe. Figure 3 also shows that although equation 10 is rather accurate for progenitors with M env /M ej > 0.6 it becomes less accurate as the envelope mass fraction drops, becoming inaccurate by more than an order of magnitude for M env /M ej < 0.2. To understand why low values of M env /M ej affect the scaling of equation 10 we recall that ET is proportional to the radiation energy at the beginning of the homologous phase and not directly to the total explosion energy. In progenitors with low M env /M ej most of the explosion energy is deposited in the core, but all the radiation energy deposited in the core is lost via adiabatic expansion well before the homologous phase. Only radiation energy deposited in the envelope remains by the beginning of the homologous phase. The total energy deposited in the envelope is roughly proportional to (M env /M ej ) −0.74 , as can be seen in figure 4. Thus, a low value of M env /M ej implies that a smaller fraction of the explosion energy contributes to ET .
In fact, the emission during the photospheric phase, after removing 56 Ni contribution, is completely dominated by the radiation energy deposited in the envelope during the SN explosion (hence the term 'cooling envelope emission'). Thus, ET , is actually a direct probe of the envelope properties and is not directly sensitive to properties of the core such as its mass or velocity. The same is true for any other probe that depends mostly on the cooling envelope emission (such as the photospheric velocity during the plateau, the plateau luminosity and duration, etc.). Therefore it is most useful to define scaling of ET figure 3 . This estimator, which depends on envelope properties only, shows a significant improvement over equation 10 for progenitors with low envelope mass, and moderate improvement for progenitors with massive envelopes. Still, for low mass envelope progenitors it is accurate only to within a factor of about 3. that depends only on envelope properties:
Here, E env is the energy carried by the envelope to infinity and v env = 2E env /M env is the envelope (mass weighted) RMS velocity. Figure 5 shows that indeed ET provides better estimates for global envelope properties than to those of the entire ejecta. Equation 11 provides a moderate improvement to progenitors that retain most of their envelope (M env /M ej > 0.6), where it is accurate to within about 20% (the normalization of equation 11 was chosen to better match such progenitors). More importantly, equation 11 is applicable also to progenitors that lost most of their envelope, where it is accurate to within a factor of about 3.
So far we have ignored the density structure of the envelope, which of course also affects the value of ET . When crossing a mass element, the shock deposits half of its energy as kinetic and half as internal (i.e., radiation). The expansion (and adiabatic cooling) of the element begins right after the shock crossing. Thus, the fraction of the deposited energy that remains once the homologous phase starts depends on the initial radius of each mass element and not directly on R * . In both equations 10 and 11, R * is used as the envelope radius. However, explosions of two progenitors with similar v env , M env , R * and different density profiles will result in different values of ET . Specifically, ET will be lower in the progenitor that is more concentrated (i.e., most of its envelope mass is at a smaller radius). To account for that, one can attribute the initial radius to each mass element by replacing M env R * with the integral rdm. Note that the value of this integral is insensitive to whether it is taken over the envelope mass alone or over the entire ejecta since it is completely dominated by mass elements at large radii. Using this integral we find
is the mass weighted average radius of the envelope. Equation 12 is accurate to within about 20% to all the progenitors in our sample, as can be seen in Figure 6 . Note that while rdm hardly changes if the integral is performed over the entire progenitor including the core, R env does change due to the different mass in the denominator of equation 13.
4. SUPERNOVAE WITH SPECTRAL MEASUREMENT OF THE PHOTOSPHERIC VELOCITY In many SNe spectral measurements provide information about the ejecta velocity. In particular for type II SNe, lines of Fe II and Sc II are considered to be good indicators of the photospheric velocity. In these SNe the photosphere crosses the H envelope from the outside in during the photospheric phase, providing a 'scan' of the envelope velocity range. The propagation of the photosphere at early time, before recombination becomes significant, depends only on the density and velocity profile of the ejecta and is relatively simple to model. Recombination becomes significant typically around day 20, when the photosphere has crossed only a very small fraction of the envelope (< 0.1 M ⊙ ; see Shussman et al. 2016) . The time at which the photosphere ends crossing the envelope is marked in type II SNe by a sharp drop in the luminosity and is observed typically around day 100. Thus, the photospheric velocity as measured around day 50, typically denoted v 50 , provides a reasonable estimate of v env . Moreover, since the photospheric velocity evolves roughly as t −0.5 (Nugent et al. 2006; Faran et al. 2014 ) it varies between day 20 and 100 by a factor of ≈ 2.2, implying that v 50 estimates v env to an accuracy of 50% at worst, and most likely much better.
The quality of v 50 as an estimator of v env can also be estimated from numerical modeling of type II SN light curves. For that we use the results of Dessart et al. (2010) Figure 7 depicts v ej /v 50 in Dessart et al. (2010) and Kasen & Woosley (2009) , showing that they find in general v ej ≈ (0.8 ± 0.2)v 50 . It also shows the values of v ej /v env in our progenitor sample showing v ej ≈ (0.8 ± 0.1)v env . Thus, the reasonable assumption that v ej /v env in our sample are similar to those of Dessart et al. (2010) and Kasen & Woosley (2009) , implies that v 50 is a good estimator of v env and that at least in these simulations it is accurate to within about 25%. Therefore, in SNe where both ET and v 50 are measured we can estimate two interesting quantities based on equations 10 -12. The first is ET · v 50 which is an estimator of E exp R * (or more accurately of E env R * ). This can be used, for example, to estimate the explosion energy in cases where there are pre-explosion images of the progenitor, which constrain R * . We have done that for six SNe for which ET , v 50 and R * are all measured independently (see table 1 ). Given that in all six the progenitor seems like normal red supergiants with initial masses 15 M ⊙ (Smartt 2015), equation 10 can probably be used to estimate E exp within fair accuracy (within a factor of 2 given the large uncertainty in R * ). In figure 8 we depict E exp , as estimated based on equation 10 for these six SNe, as a function of the 56 Ni mass in the explosion. Even with that small number of SNe it is clear that E exp varies by at least an order of magnitude between various SNe, and that SNe with E exp ∼ 2 × 10 50 erg are common (these SNe are also fainter and thus harder to detect, so their fraction of the total SNe volu- metric rate is probably higher than their representation in the observed sample). In addition, a strong, roughly linear, correlation exists between E exp and the 56 Ni mass (Kushnir 2015) . This correlation is most likely the main source of the well known correlation between the plateau luminosity, v 50 and the 56 Ni mass (Hamuy 2003) . The second interesting quantity is ET /v 50 which is an estimator of ET /v env ∝ M env R * . The main advantage of ET /v env is that it is a property of the progenitor, namely it depends only on the progenitor structure, with no dependence on the explosion energy. Thus, we can compare the observed values of ET /v 50 to the values of ET /v env in our sample of numerical progenitors. This comparison is shown in figure 9 , which depicts the observed values of the 11 SNe listed in table 1 as horizontal lines, solid for SNe with pre-explosion progenitor images and dashed for SNe without. It also shows all the values for our numerical progenitors, which are divided to four groups, each marked differently, according to the initial conditions. It can be seen that numerical progenitors that lost most of their envelope (M env < 4 M ⊙ ) have ET /v env that is lower than the observed ones. Almost all other numerical progenitors have ET /v env within the observed range, but many are in the high end of that range (1.5 − 2 · 10 47 gr cm) and few are in the low end (0.25 − 0.5 · 10 47 gr cm). This is significant since half of the observed SNe in the sample have low values of ET /v env and these are also the fainter ones, implying that they are most likely more abundant than their relative fraction in the sample.
A lower value of ET /v env implies a lower value of M env R * . In our numerical sample there are two groups for which M env R * is relatively small. One is the group of stars with small M env , which had lost a significant fraction of their envelope, either via fast rotation (> 50% of breakout velocity at birth) or due to a high initial mass (> 20M ⊙ ). However, this group does not seem to be the main origin of the observed low ET /v env SNe. The reason for that is that high initial mass progenitors are not common (in all the cases where a progenitor was observed directly its mass was < 20M ⊙ ; Smartt 2015). Rotation, on the other hand, seems to need a fine tuning in order to lose just the correct amount of envelope mass (most of the fast rotating models lost too much of their mass while others did not lose enough). The second group of low ET /v env progenitors are stars with smaller R * (∼ 400 R ⊙ ) due to a larger value of the mixing length parameter (3 or 5). Given the uncertainty in the value of this coefficient we consider this option as the more likely explanation for the large number of low ET /v env SNe. This option is also supported by the measured radii of progenitors observed in pre-explosion images, where the three SNe with ET /v env < 0.5 in our sample with preexplosion images have R * ≈ 500 R ⊙ . The result that many SNe progenitors have radii that are 500 R ⊙ is also supported by other, independent lines of evidence (Dessart et al. 2013; Davies et al. 2013; Gall et al. 2015; González-Gaitán et al. 2015) 5. CONCLUSIONS We have used a large set of 145 numerical stars, calculated to the point of core collapse using the stellar evolution code MESA, in order to study the relation between the observable ET and SN progenitors. ET can be measured for any SN with observed bolometric light curve. It is a time weighted integral of the cooling envelope emission, with radioactive contribution removed, and it measures the amount of radiation energy that is deposited in the envelope at the beginning of the homologous phase. As such it constrains directly the structure of the progenitor and the explosion energy, without any dependence on radiation transfer physics or on the contribution of radioactive decay to the observed light.
We have found that although ET depends on the exact structure of the progenitor, it is an accurate probe Progenitor radius based on luminosity and effective temperature measured in pre-explosion images and listed in Smartt (2015) . The reported errors in the measure luminosities and effective temperatures translate to errors of about 25%-50% in the radii.
A list of SNe with measured ET and v50 taken from Nakar et al. (2015) . The light curves used to measure ET are reported in the listed references.
for progenitors that retain most of the hydrogen envelope (equation 10). Specifically in our progenitor sample it is accurate to within 30% for progenitors with M env /M ej > 0.6. However, it is not an accurate probe of E exp and M ej for progenitors that lost most of their envelope, since ET is sensitive only to the fraction of the total energy that is deposited in the envelope, and this fraction is highly dependent on M env /M ej . We note that any observable which depends on the photospheric phase of type II SNe (e.g., plateau luminosity and duration), is sensitive mostly to envelope properties and is therefore, similarly to ET , only an approximate probe of the entire ejecta properties.
We have then explored how accurately ET can be related to envelope properties and found that it is a good probe of E 1/2 env R * M 1/2 env ∝ v env R * M env (equation 11). In our progenitor sample it is accurate to within 20% for progenitors with M env /M ej > 0.6 and up to a factor of three for progenitors that lost most of their envelope. The dependence on the envelope mass arises from the fact that progenitors that lost different fractions of their envelope mass have different density structures. We therefore consider a third combination of properties which takes the envelope structure into account, v env R env M env , where R env is the mass weighted average radius of the envelope. In our sample ET measures v env R env M env to within 20% accuracy for all progenitors, regardless of their envelope mass.
When the bolometric light curve is accompanied by spectral measurements of line velocities then both ET and v env can be estimated (as we have showed, v 50 provides a good estimate for v env ). This is very useful. First, the product ET · v 50 is a probe of E exp R * . We have used that in stars where R * was measured from pre-explosion images to estimate E exp in a robust way which is insensitive to detailed and uncertain light curve modeling. Second, the ratio ET /v 50 depends on the progenitor structure only, and is independent of the explosion energy. We have compared this quantity as measured in 11 SNe to that of our sample of numerical progenitors. This comparison suggests that SNe progenitors often have a radius R * 500 R ⊙ , which is smaller than the typical RSG radius obtained by stellar evolution models. This result supports previous studies that got to the same conclusion based on completely different arguments (Dessart et al. 2010; Davies et al. 2013; González-Gaitán et al. 2015; Gall et al. 2015) . Our simulations suggest that the small radii hint to relatively large values (3-5) of the mixing length parameter, as models with these values produce SNe with ET /v env that is more similar to the observations.
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APPENDIX
The stellar evolution of the progenitor models was followed using the publicly available package MESA version 6596 (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 . To produce a wide range of progenitors, we varied the zero age main sequence (ZAMS) mass between [10, 50] M ⊙ , the metallicity between [2 × 10 −5 , 2 × 10 −2 ], the mixing length parameter between [1.5, 5], and the initial rotation rate between [0, 0.8] of the breakup rotation rate. In all models, mass loss was determined according to the "Dutch" recipe in MESA, combining the rates from Glebbeek et al. (2009); Nieuwenhuijzen & de Jager (1990) ; Nugis & Lamers (2000) ; Vink et al. (2001) , with a coefficient η = 1, the convection was according to the Ledoux criterion, with a semi-convection efficiency parameter α sc = 0.1 (Paxton et al. 2013, eq. 12) , and exponential overshoot with parameter f = 0.008 (Paxton et al. 2011, eq. 2) .
The properties of the numerical progenitors are summarised in table 2. The initial (ZAMS) parameters are shown in rows 1-4, while the properties just before to the core collapse appear in rows 5-9. The key features of the explosion are given in rows 10-11, and are normalized to be independent of the explosion energy. We denote E exp,51 = E exp /10 51 erg. 
